Radial Glial progenitors in the mammalian developing neocortex have been shown to follow a deterministic differentiation program restricted to an asymmetric only mode of division. This feature contrasts with previous studies and with other developmental systems, such as the developing spinal cord, the retina, epidermis, airway epithelium, germline, and the intestine, where differentiation takes place based on probabilities that can change overtime and other modes of division are possible. Here, we combine experimental, computational and theoretical tools to show that Radial Glial cultured in vitro can divide symmetrically, and that the balance between the different modes of division, as well as the cell cycle length, can be modulated by external signals, such as Fibroblast Growth Factor. Our results suggest that the constraint of deterministic and asymmetric mode of division that Radial Glia exhibit in vivo may not be an inherent property of this particular cell type, but a feature induced by the complex organized pseudo-stratified structure of the mammalian developing neocortex. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 cell cycle | differentiation | Branching Processes | Radial Glial | Thymidine analogs assays T he neocortex constitutes the main part of the mammalian 1 brain, and the location where the processing of all higher-2 order brain functions resides. Understanding its formation is 3 one of the major interests of Developmental Biology (1). The 4 neocortex develops from a stratified neuroepithelium, called 5 the neural tube, into a complex structure of six horizontal 6 layers of excitatory and inhibitory neurons (2). Neurogene-7 sis in the developing neocortex initiates when neuroepithelial 8 progenitors transform into Radial Glial (RG) progenitor cells 9 and start to produce neurons and intermediate neuronal pre-10 cursors (3, 4). Since the discovery that RG constitute the 11 progenitors of potentially all neurons in the vertebrate neo-12 cortex (5-8), a great effort has been focused in identifying 13 their features and properties: how they coordinate in time 14 and space to form the multiple layers of the neocortex?; which 15 signals control their fate?; and how these signals orchestrate 16 the correct balance between proliferation or differentiation 17 terminally differentiated (13)). 56 Our approach combines experimental, computational and 57 theoretical tools where in vitro cultures of RG from mouse 58 developing cerebral cortex grow at different conditions. Quan-59 titative values of cell numbers at different time points are then 60 used to inform a theoretical framework based on a branching 61 process formalism (14). Our results show that RG are able 62 to divide both symmetrically and asymmetrically when cul-63 tured in vitro, and that the average mode of division changes 64 overtime, as well as the average cell cycle length (14). In addi-65 tion, the mode of division and the length of the cell cycle can 66 be modulated by external cellular signals, such as Fibroblast 67 Growth Factor (FGF). Our results suggest that the determin-68 istic mode of differentiation or RG reported in vivo (3, 21) is 69 not an intrinsic property of the cells, and therefore, it may be 70 imposed by the spatio-temporal restrictions provided by the 71 stratified organization of the developing neocortex. 72 Results 73 RG proliferate in culture at a rate dependent on FGF stimu-74 lation. To initially test if the dynamics of RG growth and 75 differentiation in vitro recapitulate in vivo observations, cells 76 derived from the developing neocortex of mouse embryos at 77 E11-11.5 are extracted, plated and cultured following standard 78 protocols (24). Starting at 24 hours post plating (hpp), sam-79 ples are then fixed at three different time points and stained 80 with Hoechst (Fig. 1A). Quantification of the number of cells 81 in a field of view of fixed dimensions using an automated 82 segmentation tool (see Supplementary Methods) is shown in 83 Fig. 1B for two culture conditions: SC and SC+FGF, where 84 the standard culture media is supplemented with an increased 85 concentration of FGF basic ligand (see Methods
48
suggested us to further investigate the dynamics of mode and 49 rate of division of RG. To do that, we quantified the prolifera-50 tion and differentiation in vitro cultures, where environmental 51 conditions are fully controlled and constant. Previous studies 52 of in vitro RG cultures (23) show mainly asymmetric divi-53 sions, based on the self-renewing potential of the progeny (and 54
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Authors declare no competing interests. Hoechst and growing at SC and SC+FGF culture conditions. (B) Quantification of total cell numbers in a field of view of 0.6 mm × 0.6 mm at different time points shows that only cells in SC+FGF stimulation increased in number with statistical significance (P < 0.05). Error bars correspond to standard error of the mean value between multiple samples of similar conditions. not based on the fate of the daughter cells as proliferative or has been shown to alter the differentiation progeny of RG 91 from neurons to glia (25). In addition, Wnt signaling has been 92 shown to regulate the potential to generate the different neu- BrdU (27), EdU (28, 29) and other thymidine analogs 106 constitute the most used tool to estimate the cell cycle length 107 of cells in many contexts (30). The methodology is based 108 on the replacement of endogenous thymidine during DNA 109 synthesis with traceable compounds (31, 32). The length of 110 the average cell cycle is then inferred from the dynamics of 111 the incorporation of these compounds into the DNA of cycling 112 cells using well established methods (33).
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To estimate the average cell cycle length of the population, 114 samples are cultured in the presence of EdU and then fixed at 115 different time points (corresponding to different times of EdU 116 incorporation). Combined nuclear Hoechst staining with EdU 117 detection assay and immunostaining against Sox2 is used to 118 identify all progenitors that have passed through S-phase for 119 each EdU incubation time.
120
The cell cycle length T and the growth fraction γ are 121 calculated using the standard cumulative curve methodology 122 based on linear regression (see Methods). Results are shown in 123 Fig. 2 and interpretation of the experimental data is not straight-168 forward (36). Authors have proposed several approaches, 169 such as linear (37, 38), nonlinear fitting (39, 40), or the use 170 of deterministic (41) or stochastic models (42). Depending on 171 the method used, the same input data results in quite different 172 predictions for the average duration of the cell cycle (43). Due 173 to these limitations, BrdU and analogs have been referred as 174 "one of the most misused techniques in neuroscience" (44).
175
To try to understand why the data of cell cycle length 176 provided by EdU in the previous section does not predict 177 the dynamics of the population in SC+FGF conditions, the 178 previous numerical model is modified to simulate EdU labeling 179 (cells in S-phase are marked as labeled when EdU is present). 180 Then, the number of progenitors, differentiated and EdU 181 positive progenitors at each time point is used to calculate 182 the average cell cycle length of the population using three 183 widely used EdU based methods: single cumulative curve 184 (C1) (27), dual cumulative (C2) (45), and the pulse-chase 185 (PC) method (40) . The cell cycle is also calculated using 186 the branching process (BP) method introduced in Ref. (14) 187 (see Supplementary Methods). A detailed description of each 188 method and how it is applied in this context is illustrated in 189 Supplementary Figure S3 and explained in the Supplementary 190 Methods section. All predictions are then compared with the 191 input value of T used for each simulation, to estimate the 192 accuracy and reliability of each method. Figure S4B ).
227
The balance between differentiative and proliferative divi- 
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corresponding sigmoidal curve fitting is also plotted (green, red, and blue lines for RG, neurons and total cells, respectively). 264 The data shows that an initial regime of reduced change in 265 cell numbers is followed by an increase in both cell types until differentiating mode (pp − dd = 0, i.e., pd = 1). In addition, 323 the maximum change in the differentiation dynamics occurs 324 around 36-37 hpp, coinciding with the minimum of T of both 325 conditions. In conclusion, quantification of the cell numbers 326 using the branching process framework suggest that the pres-327 ence of FGF in the culture media speeds up the cell cycle 328 time while also reducing the differentiation rate. Interestingly, 329 our data also shows an increase in the growth fraction γ in 330 conditions of SC+FGF compared to SC, when monitoring 331 the cycling progenitors using KI67 staining (Supplementary 332 Figure S2C -D), in agreement with previous studies (63) .
333
Values from the branching process analysis are able to repro-334 duce the experimental data. To test if the values provided by 335 the branching process formalism are correct, we take advantage 336 of the same numerical model of the differentiating stem cell 337 population introduced previously. Now, the model is informed 338 with the prediction of T and pp − dd plotted in Fig. 5A-B . The 339 growth fraction and apoptosis rate are also obtained from the 340 experimental data in Supplementary Figure S2 . Results are 341 plotted in 5C-D, where we plot the prediction for number of 342 progenitors and differentiated cells (thin green and red lines, 343 respectively) for 30 independent simulations. Comparison 344 with the fitting of the experimental data for progenitors and 345 differentiated cells (thick green and red lines, respectively) 346 show a good agreement in both conditions, suggesting that 347 the branching equations are able to predict the correct average 348 mode and rate of division of RG in vitro.
349
The number of RG labelled after a short EdU pulse increases 350 in time. To further validate the outcome of the branching pro-351 cess formalism that predicts a non negligible number of pp di-352 visions, we designed an experiment based on Pulse-and-Chase 353 of EdU labelled cells. Do do that, we plate cells from mouse 354 developing neocortex following the procedure explained in 355 Methods section. Next, cells are cultured in SC and SC+FGF 356 conditions until 33 hpp (when T is fastest, Fig. 5A ). At this 357 point, a pulse of 30-minutes of EdU is applied to all samples. 358 A number of samples are fixed at this time point (and labeled 359 as "Pulse" time point). The rest of samples are washed with 360 fresh culture media 5 times to remove the Edu (see Methods). 361 These samples are cultured for another 15 hours (correspond-362 ing to the predicted average T for SC+FGF conditions during 363 this time, to ensure that labeled cells cannot cycle more than 364 once in any of the culture conditions). Next, cells are fixed and 365 stained with Hoechst, EdU and Sox2 immunostaining. Finally, 366 the number of Sox2+/EdU+ cells at the time of the pulse (33 367 hpp) and chase (47 hpp) is quantified using our automated 368 image analysis tool (see Supplementary Methods) . Results 369 are shown in Fig. 6 . The number of progenitors labeled with 370 EdU does not change significantly in SC conditions, consistent 371 with a large proportion of asymmetric divisions (i.e, one EdU+ 372 RG produces two EdU+ cells: one RG and one neuron, so the 373 amount of EdU+ RG remains constant). On the other hand, 374 in conditions of SC+FGF, we see a statistically significant 375 (P<0.05) increase in the number of EdU+ RG when comparing 376 "pulse" and "chase" time points. This result shows that some 377 of the RG originally labeled with the short EdU pulse, divided 378 and produced more than one RG per division, showing that, 379 as predicted by the branching formalism, RG are capable to 380 undergo symmetric proliferative pp divisions in vitro. Discussion situation, the branching process framework is able to estimate 415 the rates of each of the three modes of division (14). This 416 prediction for the case of RG in culture is shown in Fig. 5E-F, 417 where we can see that the predominant mode of division is 418 pp (green). This symmetric mode of division is even more 419 probable in conditions of SC+FGF, to the expenses of a re-420 duction in pd and dd. A scheme that illustrates our findings is 421 shown in Fig 6C. In brief, the single mode of division observed 422 in vivo contrast with the probabilistic scenario observed in 423 vitro, where all modes of division are possible. Changes in 424 the culture conditions can shift the balance between the three 425 modes of division, and increase the rate of pp divisions to the 426 expenses of the other modes.
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A detailed analysis of the dynamics of vertebrate neuroge-428 nesis involves a careful characterization of the rate of division. 429 The most direct method to measure the cell cycle length re-430 quires to monitor the time between consecutive mitotic evens 431 at single cell resolution (64). Unfortunately, due to the high 432 degree of variability, many cells in a population need to be 433 sampled, segmented and tracked simultaneously to obtain an 434 accurate value, even when dealing with clonal samples (65) .
435
Indirect methods based on cumulative incorporation of 436 thymidine analogs perform well in conditions of constant pro-437 liferation and differentiation, but they are not designed to 438 study systems where the cell cycle changes overtime, which 439 is is potentially the case in many developmental systems. In 440 these conditions, the Branching Process formalism and the 441 Pulse-Chase outperform cumulative curve methods. On the 442 other hand, the Pulse-Chase method requires experiments that 443 are longer that cell cycle length. Therefore, the toxic effect of 444 the labeling agent for long periods of time may affect strongly 445 the normal cell cycle progression (34, 35) . A clear advantage 446 of the Branching Process is that it does not involve manipula-447 tion of the samples before fixation, so there is no interference 448 with the normal progression of the cell cycle. In addition, the 449 Branching Process formalism also provides the correct value 450 of T with temporal resolution, and the measurement of the 451 average differentiation rate, (also with temporal resolution).
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Several studies have shown that the length of G1 phase 453 increases progressively when neurogenesis starts, resulting in a 454 overall increase of the cell cycle (48) (49) (50) (51) (52) (53) . Alternatively, others 455 studies show that the cell cycle length is shorter in neurogenic 456 divisions, compared to proliferative divisions (46, 47, (54) (55) (56) , 457 due mainly to a shortening in S-phase. Our results show that 458 FGF promotes pp divisions and shortens cell cycle, consistent 459 with the hypothesis that proliferative divisions have a shorter 460 cell cycle, maybe via a shortening of G1-phase (similarly to 461 insulin-like growth factor (66, 67)). A careful characterization 462 of how FGF affects each phase of the cell cycle it is far from 463 the scope of this contribution.
464
The culture and differentiation of RG cells in vitro provides 465 a very good framework to study basic features that orches-466 trate the formation of the mammalian neocortex. In brief, 467 the system provides a well controlled environment where the 468 effect of signaling molecules and other conditions can be tested 469 reliably, while providing easier manipulation and imaging com-470 pared to studies performed in vivo. We use this framework to 471 study the features that restrict the division mode of RG as 472 deterministic versus the more common probabilistic scenario 473 observed in many other scenarios. Our combined experimen-474 tal/computational/theoretical approach can be also used to 475 test the effect of other signaling networks by quantifying the 476 cell cycle and mode of division after small molecule inhibition 477 and comparison with a control culture.
478
Preparation and culture of dissociated mouse cortical RG. Cells were 491 obtained from mouse embryos of the C57 BL/6JRCC line at 492 E11/E11.5, following standard methods described previously (see 
